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F1G. 2

VEHICLE SPEED UPPER LIMIT
VALUE SETTING SEQUENCE

START

JUDGE PRESENT TRAVELING |1
MODE M

HAS S MODE SWITCHED TO N\SZ YES
MODE OR E MODE ?

NO | PERFORM VEHICLE SPEED 84
S3

PERFORM NORMAL GONTROL GRADUAL REDUCTION
PROGESS CONTROL PROGCESS
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CONTROL METHOD OF ELECTRIC
VEHICLE

CROSS-REFERENCE TO RELAT
APPLICATION

T
»

This 1s a Continuation Application of U.S. patent applica-
tion Ser. No. 13/518,322, filed Jun. 21, 2012, which 1s a
National Phase Entry of International Application No. PCT/
JP2011/074430, filed Oct. 24, 2011, which claims priority to
Japanese Patent Application No. 2010-252051, filed Nov. 10,

2010. The disclosures of the prior applications are hereby
incorporated 1n their entirety by reference.

TECHNICAL FIELD

The present invention relates to an electric vehicle pro-
pelled by an electromotive force generated by an electric
motor when the electric motor 1s supplied with electric power
from an electric energy storage device.

BACKGROUND ART

One technology that 1s concerned with electric vehicles 1s

a technology for controlling a propulsive motor (electric
motor). See, for example, U.S. Pat. No. 5,367,455 (hereinat-
ter referred to as “U.S. Pat. No. 5,367,455A”) and Japanese
Laid-Open Patent Publication No. 06-121405 (hereinafter
referred to as “JP06-121405A”).

According to U.S. Pat. No. 3,367,455A, the maximum
speed of an electric vehicle 1s limited based on a traveling
state and a manipulated state of the vehicle, and a remaining
battery power level (see, column 6, line 29 through column 7/,
line 38, and FIGS. 2 through 10). More specifically, a condi-
tion 1s set as to whether a maximum speed control process, an
acceleration control process, or both of such processes should
be performed, based on the traveling state and manipulated
state of the vehicle (see, column 6, line 64 through column 7,
line 7, and FIG. 10). In addition, 1t the maximum speed
control process 1s performed, then a maximum limit speed
(V) 1s set depending on the remaining battery power level
(DODs) (see, column 6, lines 29 through 34, and FIG. 7(a)).
If the remaining battery power level drops to a preset value
(DOD,) (S31: YES), and 11 the driver enters a signal indicat-
ing that a traveling performance limit control process should
be performed (S34: YES), then the maximum speed control
process 1s performed depending on the settings (539: YES,
and subsequent steps) (see, column 7, line 44 through column
8, line 14).

According to JP06-121405A, an electric vehicle 1s dis-
closed, which 1s capable of selecting a driving performance-
oriented power mode and a highly efficient driving-oriented
economy mode (see, paragraph [0006]). More specifically, a
field current 1s set depending on the rotational speed of an AC
motor 1n the power mode, and a field current 1s set depending
on the torque command 1n the economy mode (see, Abstract).
For switching between the power mode and the economy
mode, a mode switching device (13) may be used (see, para-
graph [0007]), or an automatic mode switcher (22) may be
used (see, paragraph [0012]). When the mode switching
device 1s used, a low-pass filter (20) prevents a field current
command from changing too quickly (see, paragraph [0010]).
For switching between traveling modes, the automatic mode
switcher weights the economy mode and the power mode
depending on a depth to which the accelerator pedal 1is
depressed (see, paragraph [0012]). In addition, a membership
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2

function may be used to smoothly switch between traveling
modes (see, paragraph [0012]).
A practice also 1s known 1n which three or more traveling

modes are provided. See, for example, Japanese Laid-Open
Patent Publication No. 2007-302055 (hereinatter referred to
as “JP2007-302055A”).

SUMMARY OF THE INVENTION

According to U.S. Pat. No. 5,367,455 A, although the maxi-
mum limit speed (V) (vehicle speed upper limit value) 1s set
to a certain set value, the maximum limit speed 1s set in
relation to a remaining battery power level (DODs), as shown
in FIG. 7(a), and plural traveling modes are not taken into
account.

The present invention has been made 1n view of the above
problems. It is an object of the present invention to provide an
clectric vehicle, which 1s capable of appropnately controlling
an electric motor 1n the presence of a plurality of traveling
modes.

According to the present invention, there 1s provided an
clectric vehicle propelled by motive power generated by an
clectric motor when the electric motor 1s supplied with elec-
tric power Irom an electric energy storage device, comprising
selectable traveling modes having different vehicle speed
upper limit values for the electric vehicle, the traveling modes
including a first traveling mode and a second traveling mode,
the second traveling mode having a vehicle speed upper limit
value smaller than the first traveling mode. The second trav-
cling mode 1s a traveling mode 1n which priority 1s given to a
traveled distance per unit amount of electric power consump-
tion.

If a traveling mode with a greater vehicle speed upper limit
value 1s switched to a traveling mode with a smaller vehicle
speed upper limit value, and if an actual vehicle speed
exceeds the vehicle speed upper limit value after switching of
the traveling mode, a vehicle speed gradual reduction control
process may be performed to gradually reduce the vehicle
speed to the vehicle speed upper limit value after switching of
the traveling mode.

The aforementioned traveling modes, which have different
vehicle speed upper limit values for the electric vehicle, may
also include a third traveling mode having a vehicle speed
upper limit value greater than the first traveling mode and the
second traveling mode.

An absolute value of a vehicle speed gradual reduction
gradient, which 1s representative of a reduced degree of the
actual vehicle speed in the vehicle speed gradual reduction
control process, may be set to a greater value when the third
traveling mode 1s switched to the second traveling mode than
when the third traveling mode 1s switched to the first traveling
mode.

A gradual reduction upper limit value, which 1s represen-
tative of the vehicle speed upper limit value used in the
vehicle speed gradual reduction control process, may be set
from the actual vehicle speed depending on the vehicle speed
gradual reduction gradient. The gradual reduction upper limait
value may be reduced depending on the actual vehicle speed,
if the actual vehicle speed becomes lower than the gradual
reduction upper limit value during the vehicle speed gradual
reduction control process.

BRIEF DESCRIPTION OF DRAWINGS

FIG. 1 1s a block diagram showing an overall configuration
of an electric vehicle according to an embodiment of the
present invention;
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FIG. 2 1s a flowchart of a sequence for setting a vehicle
speed upper limit value using a vehicle speed upper limit

value setting function of a processor 1n an electronic control
unit (ECU);

FI1G. 3 1s a flowchart of a vehicle speed gradual reduction
control process;

FIG. 4 1s a functional block diagram showing a process for
calculating a target drive force using a target drive force
calculating function of the processor in the ECU:;

FIG. 5 1s a characteristic diagram showing a relationship
between the difference between vehicle speed and a vehicle
speed upper limit value and a target acceleration for each
traveling mode;

FIG. 6 1s a characteristic diagram showing a relationship
between vehicle speed and a gain for each traveling mode;

FI1G. 7 1s a diagram simply showing an example of a rela-
tionship between vehicle speed and a vehicle speed upper
limit value, when a sport mode (S mode) 1s switched to a
normal mode (N mode);

FIG. 8 1s a diagram simply showing an example of a rela-
tionship between vehicle speed and a vehicle speed upper
limit value, when the S mode 1s switched to an economy mode
(E mode); and

FIG. 9 15 a diagram showing an example of a relationship
between vehicle speed and the electric power consumption of
a vehicle (based on traveling resistance).

DESCRIPTION OF EMBODIMENTS

1. Description of Overall Configuration

[Overall Configuration]

FI1G. 1 1s a block diagram showing an overall configuration
of an electric vehicle 10 according to an embodiment of the
present invention. The electric vehicle 10 (heremnatfter also
referred to as a “vehicle 107) includes a propulsive motor 12
(heremaftter referred to as a “motor 127), an inverter 14, a
battery 16, an accelerator pedal 18, an opening sensor 20, a
vehicle speed sensor 22, an acceleration sensor 24, current
sensors 26 and 28, a resolver 30, a mode selector switch 32,
and an electronic control unit 34 (hereinaiter referred to as an
“ECU 347).
| Power System |

The motor 12 1s a three-phase AC brushless motor, which
generates a drive force F [N] (or a torque [N-m]) for the
vehicle 10 based on electric power that 1s supplied from the
battery 16 through the inverter 14. The motor 12 also regen-
crates electric power (regenerative electric power Preg) [W],
which 1s output to the battery 16 1n order to charge the battery
16. The regenerative electric power Preg may also be output
to other accessories (not shown).

The mverter 14, which comprises a three-phase bridged
structure, performs DC/AC conversion to convert a direct
current into a three-phase alternating current, and to supply
the three-phase alternating current to the motor 12. The
inverter 14 also serves to convert a three-phase alternating
current generated 1n a regenerative mode of the motor 12 nto
a direct current, and to supply the direct current to the battery
16.

The battery 16 comprises an electric energy storage device
including a plurality of battery cells. The battery 16 may be a
lithium 10on secondary battery, a nickel hydrogen secondary
battery, or a capacitor. In the present embodiment, the battery
16 1s a lithium 10n secondary battery. A DC/DC converter may
be connected between the inverter 14 and the battery 16 for
stepping up or stepping down the output voltage of the battery
16 or the output voltage of the motor 12.
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[Various Sensors]

The opening sensor 20 detects the depth (accelerator open-
ing Op) [ °] to which the accelerator pedal 18 1s depressed from
the original position thereof, and outputs the detected accel-
crator opening Op to the ECU 34. The vehicle speed sensor 22
detects an actual vehicle speed V [km/h] ol the vehicle 10, and
outputs the detected vehicle speed V to the ECU 34. The
acceleration sensor 24 detects an acceleration AaV [km/h] of
the vehicle 10, and outputs the detected acceleration AaV to
the ECU 34.

The current sensor 26 detects a U-phase current (U-phase
current Iu) of the motor 12, and outputs the U-phase current Iu
to the ECU 34. Similarly, the current sensor 28 detects a
W-phase current (W-phase current Iw) of the motor 12, and
outputs the W-phase current 12 to the ECU 34. The current
sensors 26 and 28 may detect currents 1n a combination of
phases other than a combination of U and W phases, insofar as
the current sensors 26 and 28 are capable of detecting currents
in two of the three phases of the motor 12. In addition to the
current sensors 26 and 28, another current sensor may be
added for detecting a V-phase current (V-phase current Iv) of
the motor 12, and for outputting the V-phase current Iv to the
ECU 34.

The resolver 30 detects an electric angle 0, which 1s repre-
sentative of the angular displacement of an output shaft (not
shown) of the motor 12, or the angular displacement of arotor
(not shown) of the motor 12, 1.¢., an angular displacement 1n
a fixed coordinate system of the rotor with respect to a stator

(not shown) of the motor 12, and outputs the electric angle 0
to the ECU 34.

[Mode Selector Switch 32}

The mode selector switch 32 1s capable of switching
between traveling modes of the vehicle 10, 1.e., a normal
mode (hereinafter referred to as an “N mode”), an economy
mode (hereinatfter referred to as an “E mode”), and a sport
mode (heremaiter referred to as an “S mode”). The mode
selector switch 32 indicates whatever mode 1s currently
selected to the ECU 34.

The N mode represents a standard traveling mode, in which
a vehicle speed upper limit value Vmax1 [km/h] 1s set as an
upper limit value (set value) for the vehicle speed V.

The E mode represents a traveling mode 1n which higher
priority 1s given to electric power consumption of the vehicle
10 than in the N mode or in the S mode. The E mode also has
a lower output response of the vehicle 10 than 1n the N mode
or in the E mode. Flectric power consumption 1s signified by
a distance [km/kWh] that the vehicle 10 travels per unit
amount of electric power consumption, and may be referred
to as an amount of electric power consumption per traveled
distance [kWh/km]. In the E mode, a vehicle speed upper
limit value Vmax2 [km/h] 1s set as an upper limit value (set
value) for the vehicle speed V. The vehicle speed upper limit
value Vmax2 1n the E mode 1s lower than the vehicle speed
upper limit value Vmax1 1n the N mode or the vehicle speed
upper limit value Vmax3 m  the S mode
(Vmax3>Vmax1>Vmax2). In the E mode, other settings can
be changed 1n comparison with such settings 1n the N mode
and the S mode. For example, as disclosed i JP2007-
302055A, settings can be changed concerning the damping
force of a variable-damping-force damper, the level of inter-
vention under yaw control based on a distribution of front,
rear, leit, and nght wheel braking forces, the steering reaction
force of an electric power steering system, control of a four-
wheel-drive mechanism capable of distributing front, rear,
left, and right wheel torques, control of transmission, and
control of a fuel imjection/drive-by-wire (FI/ DB W) apparatus

(see Table 1 of paragraph [0016] of JP2007-302035A).
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The S mode represents a traveling mode 1n which higher
priority 1s given to the output response of the vehicle 10 than

in the N mode or in the E mode. The S mode also has a higher
clectric power consumption than 1n the N mode or in the E
mode. Inthe S mode, a vehicle speed upper limit value Vmax3
| km/h] 1s set as an upper limit value (set value) for the vehicle
speed V. The vehicle speed upper limit value Vmax3 1n the S
mode 1s set to a value that 1s higher than the vehicle speed
upper limit value Vmax1 1n the N mode and the vehicle speed
upper lmit value Vmax2 1m  the E mode
(Vmax3>Vmax1>Vmax2). The vehicle speed upper limait
value Vmax3 may be set such that no numerical value 1s
assigned thereto (no upper limit value). In the S mode, other
settings can be changed 1n comparison with such settings 1n
the N mode and the E mode. For example, settings can be
changed as disclosed 1n JP2007-302053A (see Table 1 1n
paragraph [0016]).

The vehicle speed upper limit values Vmaxl, Vmax2,
Vmax3 will heremnafter be referred to collectively as a

“vehicle speed upper limit value Vmax™.

|[ECU 34]

The ECU 34 controls the inverter 14 based on output sig-
nals from the various sensors and the mode selector switch 32,
so as to control the output force (motive force) of the motor
12. As shown in FIG. 1, the ECU 34 includes an input/output
unit 40, a processor 42, and a storage unit 44.

According to the present embodiment, the processor 42 has
a basic drive force calculating function 50 for calculating a
basic drive force Fb [N] of the motor 12, a vehicle speed upper
limit value setting function 52 for setting a vehicle speed
upper limit value Vmax, a target drive power calculating
function 34 for calculating a target drive force Ftar [IN] of the
motor 12, and an 1nverter control function 56 for controlling
the inverter 14 based on the target drive force Ftar, or based on
a target torque, which 1s determined on the basis of the target
drive force Ftar.

The storage unit 44 serves to store software executed by the
processor 42 as well as various data used thereby. The storage

unit 44 includes a nonvolatile memory and a volatile memory.

2. Control of the Present Embodiment

(1) Calculation of Basic Drive Force Fb

The basic drive force calculating function 50 determines a
basic drive force Fb depending on the vehicle speed upper
limit value Vmax and the selected traveling mode (hereinafter
referred to as a “traveling mode M™). More specifically, the
sum ol a drive force required to cruise at the vehicle speed
upper limit value Vmax (hereinafter referred to as a “cruise
drive force Fcru™) [N] and a prescribed value A 1s set as a basic
drive force Fb.

For example, when the vehicle 10 1s accelerated toward the
vehicle speed upper limit value Vmax, the motor 12 1s ener-
gized using the basic drive force Fb as the target drive force
Ftar. When the vehicle speed V approaches the vehicle speed
upper limit value Vmax (1.e., when the vehicle speed V
exceeds a threshold value lower than the vehicle speed upper
limit value Vmax), the target drive force Ftar 1s gradually
reduced. The target drive force Ftar converges to a value,
which 1s produced by subtracting the prescribed value A from
the basic drive force Fb (cruise drive force Fcru), so that the
vehicle speed V will not exceed the vehicle speed upper limit
value Vmax. The prescribed value A 1s the greatest value in
the S mode and the smallest value in the E mode.

(2) Setting Vehicle Speed Upper Limit Value Vmax

FIG. 2 1s a flowchart of a sequence for setting the vehicle

speed upper limit value using the vehicle speed upper limit
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6

value setting function 52 of the processor 42 1n the ECU 34.
In step S1, the ECU 34 judges a traveling mode M based on
the output signal from the mode selector switch 32.

In step S2, the ECU 34 judges whether or not the traveling,
mode M has switched from the S mode to the N mode or the
E mode. If the traveling mode M has not switched from the S
mode to the N mode or the E mode (S2: NO), then 1n step S3,
the ECU 34 performs a normal control process. The normal
control process 1s a control process for setting a vehicle speed
upper limit value Vmax depending on the present traveling
mode, while changing the target drive force Ftar in order to
equalize the vehicle speed V to the set vehicle speed upper
limit value Vmax. Alternatively, as disclosed i JPO6-
121405A, a field current may be set depending on the rota-
tional speed of the motor 12 1n the S mode, and a field current
may be set depending on the target torque 1n the N mode and
the E mode.

If the traveling mode M has switched from the S mode to
the N mode or the E mode (52: YES), then the ECU 34
performs a vehicle speed gradual reduction control process,
so as to gradually reduce the vehicle speed V to the vehicle
speed upper limit value Vmax1 or Vmax2 after switching of
the traveling mode M (to the N mode or the E mode).

FIG. 3 1s a flowchart of the vehicle speed gradual reduction
control process. In step S11, the ECU 34 reads a vehicle speed
upper limit value Vmax depending on the traveling mode
after switching (heremafter referred to as a “mode-switched
vehicle speed upper limit value Vmax_new”) [km/h] from the
storage unit 44. However, the ECU 34 does not immediately
set the mode-switched vehicle speed upper limit value Vmax-
_new as a vehicle speed upper limit value Vmax, which 1s to
be determined i1n a present processing cycle (heremafter
referred to as a “vehicle speed upper limit value Vmax(pre-
sent)”’), but gradually reduces the vehicle speed upper limit
value Vmax(present) until finally the vehicle speed upper
limit value Vmax(present) becomes the mode-switched
vehicle speed upper limit value Vmax_new. Theretfore, the
present vehicle speed upper limit value Vmax remains the
vehicle speed upper limit value Vmax3 depending on the
traveling mode (S mode) before switching.

In step S12, the ECU 34 sets an upper limit change Vmax
(vehicle speed gradual reduction gradient) depending on the
traveling mode after switching. The upper limit change
AVmax refers to a change 1n the vehicle speed upper limait
value Vmax, which can be reduced 1n one processing cycle. IT
the S mode has Changed to the N mode, then the upper limit
change AVmax 1s a negative value X1. If the S mode has
changed to the E mode, then the upper limit change AVmax 1s
a negative value X2. The absolute value of the value X2 1s
greater than the absolute value of the value X1 (IX2|>X11
and X1>X2). Therefore, the reduced amount 1n the vehicle
speed upper limit value Vmax 1n one processing cycle 1s
greater when the S mode changes to the E mode than when the
S mode changes to the N mode.

In step S13, the ECU 34 reads a vehicle speed upper limit
value Vmax 1n a previous processing cycle (heremafter
referred to as a “vehicle speed upper limit value Vmax(pre-
vious)”) from the storage unit 44. As described above, at the
start of the vehicle speed gradual reduction control process,
the vehicle speed upper limit value Vmax(previous) 1s the
vehicle speed upper limit value Vmax3 depending on the
traveling mode (S mode) before switching. In step S14, the
ECU 34 acquires a vehicle speed V from the vehicle speed
sensor 22.

In step S15, the ECU 34 judges whether or not the vehicle
speed V acquired 1n step S14 1s equal to or greater than the

vehicle speed upper limit value Vmax(previous). If the
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vehicle speed V 1s equal to or greater than the vehicle speed
upper limit value Vmax(previous) (S15: YES), the ECU 34
repeats steps S16 through S19, so as to gradually reduce the
vehicle speed V to the vehicle speed upper limit value Vmax|1
or Vmax2 in the traveling mode (N mode or E mode) after
switching.

More specifically, in step S16, the ECU 34 sets the sum of
the upper limit change AVmax (=X1 or X2), which was set in
step S12, and the vehicle speed upper limit value Vmax(pre-
vious) as a current vehicle speed upper limit value Vmax
(present). Since the upper limit change AVmax 1s a negative
value, the vehicle speed upper limit value Vmax(present) 1s
smaller than the vehicle speed upper limit value Vmax(pre-
vious). The upper limit change AVmax may be a positive
value, in which case 1n step S16, the ECU 34 may subtract the
upper limit change AVmax from the vehicle speed upper limit
value Vmax(previous).

In step S17, the ECU 34 outputs the vehicle speed upper
limit value Vmax(present), which was set 1n step S16, to the
target drive power calculating function 34.

In step S18, the ECU 34 judges whether or not the vehicle
speed upper limit value Vmax(present) 1s equal to or smaller
than the mode-switched vehicle speed upper limit value
Vmax_new, which was read 1n step S11. If the vehicle speed
upper limit value Vmax(present) 1s not equal to or smaller
than the mode-switched vehicle speed upper limit value
Vmax_new (step S18: NO), then 1n step S19, the ECU 34 sets
the vehicle speed upper limit value Vmax(present) as a new
vehicle speed upper limit value Vmax(previous) for a next
processing cycle, after which control returns to step S18.
Before returning to step S15, the ECU 34 may judge whether
or not the traveling mode M has been switched. Control may
return to step S15 only 11 the traveling mode M has not been
switched. The present vehicle speed gradual reduction con-
trol process may be brought to an end if the traveling mode M
has been switched. If the vehicle speed upper limit value
Vmax(present) 1s equal to or smaller than the mode-switched
vehicle speed upper limit value Vmax_new (step S18: YES),
then control exits from the vehicle speed gradual reduction
control process shown 1n FIG. 3, and returns to the sequence
shown 1n FIG. 2.

If the vehicle speed V 1s smaller than the vehicle speed
upper limit value Vmax(previous) (S15: NO), then in step
520, the ECU 34 judges whether or not the vehicle speed V 1s
greater than the mode-switched vehicle speed upper limait
value Vmax_new. If the vehicle speed V 1s greater than the
mode-switched vehicle speed upper limit value Vmax_new
(S20: YES), then 1n step S21, the ECU 34 sets the present
vehicle speed V as a vehicle speed upper limit value Vmax
(present). It 1s thus possible to gradually reduce the vehicle
speed upper limit value Vmax(present) from a value equal to
the present vehicle speed V. After step S21, control returns to
step S17.

If the vehicle speed V 1s equal to or smaller than the mode-
switched vehicle speed upper limit value Vmax_new (S20:
NO), then at that time, the vehicle speed V can be the to be
lower than the vehicle speed upper limit value Vmax 1n the
traveling mode M after switching. In step S22, the ECU 34
sets the mode-switched vehicle speed upper limit value
Vmax_new as a vehicle speed upper limit value Vmax(pre-
sent).

In step S23, the ECU 34 outputs the vehicle speed upper
limit value Vmax(present), which was set 1n step S22, to the
target drive power calculating function 34.

(3) Calculation of Target Drive Force Ftar
The target drive power calculating function 54 calculates a
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vehicle speed V, the vehicle speed upper limit value Vmax, the
acceleration AaV, the traveling mode M, and a minimum drive
force Fmin.

FIG. 4 1s a functional block diagram showing a process for
calculating the target drive force Ftar using the target drive
force calculating function 54 of the processor 42 1n the ECU
34.

According to the target drive force calculating function 54,
a first subtractor 60 calculates the difference D1 [km/h]
between the vehicle speed V from the vehicle speed sensor 22
and the vehicle speed upper limit value Vmax, which was set
by the vehicle speed upper limit value setting function 52.

Then, a target acceleration table 62 sets a target accelera-
tion AaVtar [km/h/s] based on the difference D1 calculated by
the first subtractor 60 and the traveling mode M from the
mode selector switch 32. FIG. 5 1s a characteristic diagram
(map) showing the relationship between the difference DI
and the target acceleration AaVtar for each traveling mode M.
As shown in FIG. 5, when the difference D1 remains the same
(except when the dlfference D1 1s zero), the absolute value of
the target acceleration AaVtar 1s greater in the N mode than in
the E mode, and 1s greater 1in the S mode than 1n the N mode.
As the absolute value of the difference D1 becomes greater,
the absolute value of the target acceleration AaVtar also
becomes greater.

A second subtractor 64 calculates the difference D2 [km/
h/s] between the acceleration AaV from the acceleration sen-
sor 24 and the target acceleration AaVtar from the target
acceleration table 62.

A vehicle speed feedback gain table 66 (hereinafter
referred to as a “vehicle speed FB gain table 66”) sets a gain
Gv based on the vehicle speed V from the vehicle speed
sensor 22 and the traveling mode M from the mode selector
switch 32. FIG. 6 1s a characteristic diagram (map) showing
the relationship between vehicle speed V and the gain Gv for
cach traveling mode M. As shown 1n FIG. 6, when the vehicle
speed V remains the same, the gain Gv 1s higher in the N mode
than 1n the E mode, and 1s higher 1n the S mode than 1n the N
mode. As the vehicle speed V becomes lower, the gain Gv
becomes greater.

A multiplexer 68 calculates the product D2xGv of the
difference D2 calculated by the second subtractor 64 and the
gain Gv from the vehicle speed FB gain table 66. Then, a third
subtractor 70 calculates the difference D3 between the target
drive force Ftar from a delay unit 76 (hereimnafter referred to as
a “target drive force Ftar(previous)”) and the product D2xGv
calculated by the multiplexer 68.

A minimum value selector 72 compares the basic drive
torce Fb determined by the basic drive force calculating func-
tion 50 and the difference D3 calculated by the third subtrac-
tor 70 with each other, and outputs the smaller of such values
to a maximum value selector 74.

The maximum value selector 74 compares a minimum
drive force Fmin read from the storage unit 44 with either the
basic drive force Fb or the difference D from the minimum
value selector 72, and outputs the greater of such values,
which represents a target drive force Ftar 1n the present pro-
cessing cycle (hereinafter referred to as a “target drive force
Ftar(present)”), to the inverter control function 56 and the
delay unit 76. The minimum drive force Fmin 1s set to a value
that causes the vehicle 10 to creep.

The delay unit 76 outputs the target drive force Ftar(pre-
sent), which 1s determined 1n the present processing cycle, as
a target drive force Ftar(previous) to be used 1n a next pro-
cessing cycle to the third subtractor 70.

According to the present embodiment, as described above,
the target drive force Ftar i1s calculated based on the basic
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drive force Fb, the vehicle speed V, the vehicle speed upper
limit value Vmax, the acceleration AaV, the traveling mode
M, and the minimum drive force Fmin.

More specifically, a basic drive force Fb or a minimum
drive force Fmin used 1n an imitial processing cycle 1s set as a
target drive force Ftar(present). Therealter, when the differ-
ence D3 becomes smaller than the basic drive force Fb, the
mimmum value selector 72 sets the difference D3 as the target
drive force Ftar(present). The difference D3 1s the difference
between the target drive force Ftar(previous) and the product
D2xGv. Consequently, since the difference D3 1s gradually
reduced by any one of increasing the product D2xGv (if the
product D2xGv 1s positive), reducing the product D2xGv (i
the product D2xGv 1s negative), and reducing the target drive
torce Ftar(previous), the target drive force Ftar(present) 1s
reduced.

Stated otherwise, since the minimum value selector 72
outputs the smaller one of the basic drive force Fb and the
difference D3, the target drive force Ftar(present) will never
exceed the basic drive force Fb.

The difference D2 1s the difference between the accelera-
tion AaV and the target acceleration AaVtar. The gain Gv 1s
set depending on the vehicle speed V and the traveling mode
M. Therefore, the product D2xGv enables the target drive
force Ftar(present) to be increased or reduced while making
up for any excess or shortage of the acceleration AaV with the
gain Gv, which depends on the vehicle speed V and the
traveling mode M.

For example, when the acceleration AaV and the target
acceleration AaVtar are positive, 1f the acceleration AaV is
greater than the target acceleration AaVtar (1f the vehicle 1s
accelerated excessively), then the difference D2 calculated by
the second subtractor 64 1s a positive value. Since the gain Gv
1s a positive value, the difference D3 calculated by the third
subtractor 70 becomes smaller. Further, when the accelera-
tion AaV and the target acceleration AaVtar are negative, 1f
the absolute value of the acceleration AaV 1s smaller than the
absolute value of the target acceleration AaVtar (1f the vehicle
1s decelerated insufliciently), then the difference D2 calcu-
lated by the second subtractor 64 1s a positive value. Since the
gain Gv 1s a positive value, the difference D3 calculated by the
third subtractor 70 becomes smaller.

As shown 1n FIG. 6, assuming that the vehicle speed V
remains the same, the gain Gv 1s higher 1n the N mode than in
the E mode, and the gain Gv 1s higher in the S mode than in the
N mode. Accordingly, the output response of the vehicle 10
can be increased 1n the S mode, whereas electric power con-
sumption can be increased decreased in the E mode.

The target acceleration AaVtar 1s set based on the differ-
ence D1 between the vehicle speed V and the vehicle speed
upper limit value Vmax. Further, the vehicle speed upper limit
value Vmax 1s gradually reduced by the vehicle speed gradual
reduction control process (see FIG. 3). Consequently, it 1s
possible to gradually change the target acceleration AaVtar
when the S mode 1s switched to the N mode or the E mode.

According to the vehicle speed gradual reduction control
process, the absolute value of the upper limit change AVmax
(=X2) upon switching from the S mode to the E mode 1s
greater than the absolute value of the upper limit change
AVmax (=X1) upon switching from the S mode to the N
mode. Theretore, when the S mode 1s switched to the N mode,
the time required until the mode-switched vehicle speed
upper limit value Vmax_new 1s reached can be relatively
shortened.

(4) Control of Inverter 14

The ECU 34 controls the inverter 14 based on the target
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Ftar(present) thus determined, the U-phase current Iu from
the current sensor 26, the W-phase current Iw from the current
sensor 28, and the electric angle 0 from the resolver 30. A
specific process for controlling the inverter 14 1s disclosed 1n
Japanese Laid-Open Patent Publication No. 2009-240125,
for example. The target torque can be calculated by multiply-
ing the target drive force Ftar(present) by the radius of the
road wheels (not shown).

3. Relationship Between Vehicle Speed Upper Limit
Value Vmax and Traveling Mode M

(1) when S Mode Switches to N Mode

FIG. 7 1s a diagram simply showing an example of the
relationship between vehicle speed V and the vehicle speed
upper limit value Vmax when the S mode 1s switched to the N
mode. In FIG. 7, 1t 1s assumed that the S mode 1s selected up
to time t1, and that the N mode 1s selected after time t1.

Straight lines 80, 82 1n F1G. 7 indicate visually the different
degrees to which the vehicle speed V and the vehicle speed
upper limit value Vmax are reduced when the S mode 1s
switched to the N mode, and when the S mode 1s switched to
the E mode.

More specifically, the straight line 80 1s a straight line, the
gradient of which 1s of a negative value X1, extending from
the value of the vehicle speed V (=the vehicle speed upper
limit value Vmax) at time tl. Stated otherwise, the straight
line 80 1s a straight line, which 1s plotted based on the assump-
tion that the vehicle speed V and the vehicle speed upper limit
value Vmax are made equal to each other at all times by the
vehicle speed gradual reduction control process, after the S
mode has been switched to the N mode at time t1. Similarly,
the straight line 82 1s a straight line, the gradient of which 1s
of a negative value X2, extending from the value of the
vehicle speed V (=the vehicle speed upper limit value Vmax)
at time t1. Stated otherwise, the straight line 82 1s a straight
line, which 1s plotted based on the assumption that the vehicle
speed V and the vehicle speed upper limit value Vmax are
made equal to each other at all times by the vehicle speed
gradual reduction control process, after the S mode has been
switched to the E mode at time t1.

If the S mode 1s switched to the N mode at time t1 (S2: YES
in FIG. 2), then the ECU 34 starts the vehicle speed gradual
reduction control process (S4). More specifically, at time t1,
the vehicle speed V 1s lower than the vehicle speed upper limit
value Vmax (Vmax3) in the traveling mode M (S mode)

before switching, and i1s higher than the mode-switched
vehicle speed upper limit value Vmax_new (vehicle speed
upper limit value Vmax1) (515: NO—=S20: YES 1 FIG. 3).
Therefore, at time t1, the vehicle speed V 1s set to the vehicle
speed upper limit value Vmax(present) (S21).

From time t1 through time t2, the vehicle speed upper limit
value Vmax 1S gradually reduced (S15:
YES—=S16—=S517—518: NO—=S519 as carried out repeat-
edly), and the vehicle speed V also 1s gradually reduced.

From time t2 through time t3, the vehicle speed V 1s quickly
reduced, and the vehicle speed upper limit value Vmax also 1s
reduced (515: NO—=S20: YES—=S21—=517—=518: NO—=S19
as carried out repeatedly).

At time 13, i1 the vehicle speed upper limit value Vmax
becomes equal to or smaller than the mode-switched vehicle
speed upper limit value Vmax_new (vehicle speed upper limit
value Vmax1) (S18: YES), then the vehicle speed gradual
reduction control process 1s brought to an end, and control
returns to the normal control process (S3 in FIG. 2).
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(2) When S Mode Switches to E Mode
FIG. 8 1s a diagram simply showing an example of the

relationship between vehicle speed V and the vehicle speed
upper limit value Vmax when the S mode 1s switched to the E
mode. In FIG. 8, 1t 1s assumed that the S mode 1s selected up
to time t11, and that the E mode 1s selected after time t11.

Similar to the straight lines 80, 82 shown 1n FIG. 7, straight
lines 90, 92 1n F1G. 8 indicate visually the different degrees to
which the vehicle speed V and the vehicle speed upper limit
value Vmax are reduced when the S mode 1s switched to the
N mode, and when the S mode 1s switched to the E mode.

More specifically, the straight line 90 is a straight line, the
gradient of which 1s of a negative value X1, extending from
the value of the vehicle speed V (=the vehicle speed upper
limit value Vmax) at time t11. Stated otherwise, the straight
line 90 1s a straight line, which 1s plotted based on the assump-
tion that the vehicle speed V and the vehicle speed upper limit
value Vmax are made equal to each other at all times by the
vehicle speed gradual reduction control process, after the S
mode has been switched to the N mode at time t11. Similarly,
the straight line 92 1s a straight line, the gradient of which 1s
of a negative value X2, extending from the value of the
vehicle speed V (=the vehicle speed upper limit value Vmax)
at time t11. Stated otherwise, the straight line 92 1s a straight
line, which 1s plotted based on the assumption that the vehicle
speed V and the vehicle speed upper limit value Vmax are
made equal to each other at all times by the vehicle speed
gradual reduction control process, aiter the S mode has been
switched to the E mode at time t11.

If the S mode 1s switched to the E mode at time t11 (S2:
YES 1n FIG. 2), then the ECU 34 starts the vehicle speed
gradual reduction control process (S4). More specifically, at
time t11, the vehicle speed V 1s lower than the vehicle speed
upper limit value Vmax (Vmax3) in the traveling mode M (S
mode) before switching, and 1s higher than the mode-
switched vehicle speed upper limit value Vmax_new (vehicle
speed upper limit value Vmax2) (S15: NO—=S20: YES 1n
FIG. 3). Therefore, at time t11, the vehicle speed 'V 1s set to the
vehicle speed upper limit value Vmax(present) (S21).

From time t11 through time t12, the vehicle speed upper
limit wvalue Vmax 1s gradually reduced (S15:
YES—=S516—517—=S18: NO—=519 as carried out repeat-
edly), and the vehicle speed V also 1s gradually reduced.

From time t12 through time t13, the vehicle speed V 1s
quickly reduced, and the vehicle speed upper limit value

Vmax also 1S reduced (S15: NO—=S520:
YES—=S521—=817—=S518: NO—=519 as carried out repeat-
edly).

At time t13, 11 the vehicle speed upper limit value Vmax
becomes equal to or smaller than the mode-switched vehicle
speed upper limit value Vmax_new (vehicle speed upper limait
value Vmax2) (S18: YES), then the vehicle speed gradual
reduction control process 1s brought to an end, and control
returns to the normal control process (S3 1n FIG. 2).

4. Advantages of the Present Embodiment

According to the present embodiment, as described above,
the vehicle 10 has a plurality of traveling modes (N mode, E
mode, and S mode) with different vehicle speed upper limit
values Vmax, respectively. The vehicle speed upper limit
values Vmax are switched depending on a selected one of the
traveling modes. Thus, 1t 1s possible to set a vehicle speed
upper limit value Vmax depending on each traveling mode,
and to control the output power of the motor 12 depending on
the selected traveling mode. Therefore, the motor 12 can be
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selected traveling mode, the output power of the motor 12
from can be prevented from being increased or reduced more
than necessary.

The vehicle speed upper limit value Vmax 1s smaller 1n the
E mode than 1in the N mode or the S mode. Theretore, the E
mode functions as a traveling mode 1n which priority 1s given
to electric power consumption. Generally, after the vehicle
speed V, which increases, exceeds a vehicle speed at which
clectric power consumption 1s lowest (lowest-electric-power-
consumption vehicle speed or economic speed), electric
power consumption 1s increased as the vehicle speed V
increases. Therefore, 11 the vehicle speed upper limit value
Vmax 1n the E mode 1s set to a value that decreases electric
power consumption more so than the vehicle speed upper
limit values Vmax 1n the N mode or the S mode, then 1t 1s
possible for the vehicle 10 to travel with low electric power
consumption i1n the E mode, even 11 the vehicle speed V 1s
equal to the vehicle speed upper limit value Vmax.

According to the present embodiment, when a traveling
mode having a higher vehicle speed upper limit value Vmax
1s switched to a traveling mode having a lower vehicle speed
upper limit value Vmax (1.e., when the S mode 1s switched to
the N mode or the S mode), 1f the actual vehicle speed V
exceeds the mode-switched vehicle speed upper limit value
Vmax, then the vehicle speed gradual reduction control pro-
cess 1s carried out 1n order to gradually reduce the actual
vehicle speed V to the mode-switched vehicle speed upper
limit value Vmax. In this manner, the vehicle speed V 1is
prevented from changing abruptly upon switching between
traveling modes, thereby achieving better riding comiort.

According to the present embodiment, the traveling
modes, which have different vehicle speed upper limit values
Vmax, include the S mode, which has a vehicle speed upper
limit value Vmax higher than the N mode or the E mode.
Theretfore, the vehicle 10 has three traveling modes, each
having a different vehicle speed upper limit value Vmax,
respectively, whereby the motor 12 can be controlled more
approprately.

According to the present embodiment, an absolute value of
the upper limit change AVmax 1s higher when the S mode 1s
switched to the E mode than when the S mode 1s switched to
the N mode (IX2|>|X11). Therefore, the time required to reach
the mode-switched vehicle speed upper limit value Vmax-
_new 1s made shorter when the S mode 1s switched to the E
mode, as opposed to the upper limit change AVmax remain-
ing the same upon switching between the traveling modes.
Therefore, at the time that the S mode 1s switched to the E
mode, traveling resistance 1s quickly lowered in order to
reduce energy loss, thus making it possible to increase the
cruising distance that the electric vehicle E can travel con-
tinuously using the stored energy of the battery 16.

More specifically, as shown 1n FI1G. 9, as the vehicle speed
V becomes higher, the electric power consumption of the
vehicle 10 (based on the traveling resistance) increases.
Therefore, when the S mode 1s switched to the E mode, the
vehicle speed V 1s quickly reduced 1n order to improve elec-
tric power consumption, thereby improving the cruising dis-
tance of the vehicle 10.

According to the present embodiment, the vehicle speed
upper limit value Vmax, which 1s used 1n the vehicle speed
gradual reduction control process, 1s set from the actual
vehicle speed V depending on the upper limit change AVmax.
If, during the vehicle speed gradual reduction control process,
the vehicle speed V becomes lower than the vehicle speed
upper limit value Vmax, then the vehicle speed upper limit
value Vmax 1s lowered depending on the vehicle speed V

(S15: NO—=S20: YES—S21 1n FIG. 3). The vehicle speed V




US 9,321,370 B2

13

can thus be made to reach the mode-switched vehicle speed
upper limit value Vmax_new more rapidly.

5. Modifications

The present invention 1s not limited to the above embodi-
ment, but various alternative arrangements may be employed
based on the present disclosure of the invention. For example,
the present invention may employ the following arrange-
ments.

In the above embodiment, the ECU 34 1s incorporated in
the vehicle 10. However, the ECU 34 may be incorporated in
other mobile bodies (for example, ships or aircraft) having a
plurality of traveling modes.

In the above embodiment, only the battery 16 serves as the
drive source of the vehicle 10. However, an engine may be
mounted 1n addition to the battery 16 (hybrid vehicle), or a
tuel cell may be mounted in addition to the battery 16 (fuel
cell vehicle).

In the above embodiment, the vehicle 10 has three traveling,
modes, including the N mode, the S mode, and the E mode.
However, the vehicle 10 may have at least two traveling
modes each of which has a different vehicle speed upper limit
value Vmax. For example, the vehicle 10 may have only the N

mode and the E mode, or the vehicle 10 may have a combi-
nation of other modes (at least one of a race mode and a snow
mode, as disclosed 1n JP2007-302055A) 1n addition to or
instead of the N mode, the S mode, and the E mode.

In the above embodiment, the mode selector switch 32 1s
used to switch between traveling modes. However, another
means may be used to switch between traveling modes. For
example, an automatic traveling mode switcher may be used,
as disclosed 1n JP06-121405A.

In the above embodiment, the vehicle speed gradual reduc-
tion control process 1s carried out only when the S mode 1s
switched to the N mode, or when the S mode 1s switched to the
E mode. However, the vehicle speed gradual reduction con-
trol process may be carried out when the N mode 1s switched
to the E mode. Stated otherwise, the vehicle speed gradual
reduction control process may be carried out 1t the vehicle
speed upper limit value Vmax 1n the traveling mode M after
switching 1s lower than the vehicle speed upper limit value
Vmax i the traveling mode M before switching. If the
vehicle speed gradual reduction control process 1s carried out
when the N mode 1s switched to the E mode, then the upper
limit change AVmax may be the same as the value X2 when
the S mode 1s switched to the E

E mode.

In the above embodiment, when the S mode 1s switched to
the N mode, the upper limit change AVmax 1s a negative value
X1, whereas when the S mode 1s switched to the E mode, the
upper limit change AVmax 1s a negative value X2, so that the
vehicle speed upper limit value Vmax and the vehicle speed V
change more abruptly when the S mode 1s switched to the E
mode than when the S mode 1s switched to the N mode. Stated
otherwise, the upper limit change AVmax acquires different
values when the S mode 1s switched to the N mode and when
the S mode 1s switched to the E mode, thereby enabling the
vehicle speed upper limit value Vmax and the vehicle speed V
to change more abruptly when the S mode 1s switched to the
E mode.

When the S mode 1s switched to the E mode, the vehicle
speed upper limit value Vmax and the vehicle speed V may be
changed abruptly 1n other ways. For example, instead of the
upper limit change AVmax being switched to different val-
ues, coellicients may be established by which the upper limit
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1s used when the S mode 1s switched to the E mode may be
greater than the coellicient that 1s used when the S mode 1s
switched to the N mode.

Alternatively, the upper limit change AVmax may be pro-
vided only when the S mode 1s switched to the E mode.
Further, alternatively, instead of using the upper limit change
AVmax, coelficients may be established by which the target
drive force Ftar 1s multiplied. In this case, the coeltlicient that
1s used when the S mode 1s switched to the E mode may be
smaller than the coellicient that 1s used when the S mode 1s
switched to the N mode.

The mvention claimed 1s:

1. A control method of an electric vehicle propelled by
motive power generated by an electric motor when the elec-
tric motor 1s supplied with electric power from an electric
energy storage device, comprising:

setting selectable traveling modes having different vehicle

speed upper limit values for the electric vehicle, the
traveling modes including a first traveling mode and a
second traveling mode, the second traveling mode hav-
ing a vehicle speed upper limit value smaller than the
first traveling mode,

wherein the second traveling mode 1s a traveling mode 1n

which priority 1s given to a traveled distance per umit
amount of electric power consumption,
wherein, 11 a traveling mode with a greater vehicle speed
upper limit value 1s switched to a traveling mode with a
smaller vehicle speed upper limit value, and 11 an actual
vehicle speed exceeds the vehicle speed upper limit
value after switching of the traveling mode, a vehicle
speed gradual reduction control process 1s performed to
gradually reduce the vehicle speed to the vehicle speed
upper limit value after switching of the traveling mode,

wherein the vehicle speed upper limit values of the first and
second driving modes are predetermined and fixed val-
ues, and

wherein in the vehicle speed gradual reduction control

process, the vehicle speed upper limit value 1s gradually
reduced from the predetermined and fixed vehicle speed
upper limit value of the first driving mode to the prede-
termined and fixed vehicle speed upper limit value of the
second driving mode,

wherein a gradual reduction upper limit value, which 1s

representative of the vehicle speed upper limit value
used in the vehicle speed gradual reduction control pro-
cess, 15 set from the actual vehicle speed depending on a
vehicle speed gradual reduction gradient, which 1s rep-
resentative of a reduced degree of the actual vehicle
speed, and

wherein the gradual reduction upper limait value 1s reduced

depending on the actual vehicle speed, 1f the actual
vehicle speed becomes lower than the gradual reduction
upper limit value during the vehicle speed gradual
reduction control process.

2. The control method according to claim 1, wherein the
traveling modes, which have different vehicle speed upper
limit values for the electric vehicle, also include a third trav-
cling mode having a vehicle speed upper limit value greater
than the first traveling mode and the second traveling mode.

3. A control method of an electric vehicle propelled by
motive power generated by an electric motor when the elec-
tric motor 1s supplied with electric power from an electric
energy storage device, comprising:

setting selectable traveling modes having different vehicle

speed upper limit values for the electric vehicle, the
traveling modes including a first traveling mode and a
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second traveling mode, the second traveling mode hav- wherein an absolute value of a vehicle speed gradual reduc-
ing a vehicle speed upper limit value smaller than the tion gradient, which 1s representative of a reduced
first traveling mode, degree of the actual vehicle speed 1n the vehicle speed
wherein the second traveling mode 1s a traveling mode 1n gradual reduction control process, 15 set to a greater
which priority is given to a traveled distance per unit 3 value when the third traveling mode 1s switched to the
amount of electric power consumption, second traveling mode than when the third traveling

mode 1s switched to the first traveling mode.
4. The control method according to claim 3, wherein a
gradual reduction upper limit value, which 1s representative
10 of the vehicle speed upper limit value used 1n the vehicle
speed gradual reduction control process, 1s set from the actual
vehicle speed depending on the vehicle speed gradual reduc-
tion gradient; and
the gradual reduction upper limit value 1s reduced depend-
15 ing on the actual vehicle speed, if the actual vehicle
speed becomes lower than the gradual reduction upper
limit value during the vehicle speed gradual reduction
control process.

wherein, 1 a traveling mode with a greater vehicle speed
upper limit value 1s switched to a traveling mode with a

smaller vehicle speed upper limit value, and 1f an actual
vehicle speed exceeds the vehicle speed upper limit
value after switching of the traveling mode, a vehicle
speed gradual reduction control process 1s performed to
gradually reduce the vehicle speed to the vehicle speed
upper limit value after switching of the traveling mode,
wherein the traveling modes, which have different vehicle
speed upper limit values for the electric vehicle, also
include a third traveling mode having a vehicle speed
upper limit value greater than the first traveling mode
and the second traveling mode, I T
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